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NATTONAL ADVISORY COMMITTEE FOR AFRONAUTICS
RESEARCH MEMORANDUM

FREE-JET MTIGAMOB.I OF A 16-INCH RAM JET
AT MACH NUMBERS OF 1.35, 1.50, AND 1l.73

. By Fred Wilcox, Sol Baker
and Eugene Perchonok

SUMMARY

The results of & free-Jot Investigatlon conducted In the NACA
Lewls altitude wind tunnel to determine the intermel performance
of & 1l6-inch ram Jet are presented and discussed. Data were obtalned
at altitudes between 30,000 and 41,000 feet and at Mach numbers
of 1.35, 1.50, and 1.73. A single-cbligque-shock spike diffuser
with no internal contraction was employed. Speclal features
of the engine were remotely adjustable splke-tip projection, fuel-
injector radlal position, and exit-nczzle outlet area.

Two flame holders were investigated and both indicated a marked
dependence on the radlal position of the fuel injector for satis-
factory operation. TUnder conditions of low pressure 1n the combustion
chamber, a blend by volume of S5O-percent gasoline snd S50-percent
propylene oxide appesred +to be & superior fuel to gesoline alme.

The best over-all performance from the standpoint of thrust
coefficlent and thrust specific funel consumption did not always
occur at the largest nozzle-outlet area and the maximum fuel-eir
ratic at which the engine could be operated. The peak thrust coef-
ficients and the minimum thrust speclfic fuel consumptions, which
were not obtained at the same fuel-alr ratics, for each Mach number

were

Mach Meximum Minlimum
number thrust thrust
coefficlent | specific fuel
comsumptlon
' 1b/(ur)
(1b thrust)
i.35 0.61 3.3
1.50 .84 3.2
1.73 67 32
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Although suboritical pulsing of low amplitude was encountered,
little effect on diffuser pressure recovery was obssrved. Similar
pressure recoverles wers obtelned wnder cold-flow and burning con-
ditlons. Close agreement was obtalined between the frequencies
determined from high-speed motion plctures of the shock movement
and from Instentaneous records of the statlic pressure at the
combustlion-chember inlet.

INTRODUCTION

A free-~Jot investigatlon of & 1l6-inch ram Jet with a supersonic
inlet has been conducted in the NACA Lewis altitude wind tunnel.
Preovious ram-Jjet internal-flow studies In this faeclility were made
by the commected-pipe technigque described in references 1 to 3,
and on engines having only & subsonic diffuser. The free-Jeot
technique, however, pormite investigation of the 1nternal flow
through the complete engine at conditions closely simulating fres
flight.

Engine performance at zero angle of attack was investigated
at altitudes from 30,000 to 41,000 feet and at Mach numbers
of 1.35, 1.50, and 1l.73. Date were obtalned with two fuels, gas-
oline and a blend by volume of 50-percent gascline and 5O-perceat
propylene oxlde. Diffuser, combustlion-chamber, and over-all engine
performances are presented for the two burner configurations inves-
tlgeted. Representative shadowgraph still and high-speed motion
plctures of the alr flow about the engine inlet are alsc included.

APPARATUS

A schematic layout of the altitude-wind-tunnel free-jet facll-
1ty end a photograph of the 1l6-inch ram-Jjet instellation are shown
in figures 1 and 2, respectively. Alr is drawn in from the aimos-
phere at essentlally seea-level pressure, directed through an air
dryer to lower the dew point (preventing condensation in the
supersonic nozzle), and them through an air heater to raise the air
temperature to the stagnation temperature of the simulated flight
condition. A throttle valve in the alir line is used to set the
proper pressure ratio acroes the supersonic nozzle.

Three supersonic nozzles were employed in this Iinvestlgation,
each with an outlet diameter of 12 inches. On the basis of
preliminery surveys of the free-Jjet flow, the following engine
locations were selected:

S
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Jet Mach | Distance from
number nozzle cutlet
to diffuser lip

(inn )
1.35 20
1.50 14
1.73 6

The rem Jet was mounted above a wing spanning the tunnel test .
section and exhausted directly into the wind tunnel. A schematlc
dlagram of the engine 1s shown in figure 3 and the engine coordinates
are given in table I. The diameter of the combustion chamber is
16 inches snd the over-szll engine length 1s 181 inches, 90 inches
of which are combustion chamber and nozzle. A single-obligue-
shock splke diffuser designed for external compression was used.

_ The spike (46° included come angle) wes positioned axislly by

remote control.

The diffuser was made of mild steel, whereas the water-coocled
combustion chamber and the nozzle sectlons were constructed of
Inconel.

Fusl wes Injected at a station upstream of the flame holder
through injectors whose radial position could be varied during
engine operation. The mechanism (shown in fig. 4) by means of
which this adJjustment wae accomplished was housed in the center

body.

A vortex pilot, bullt into the downstream end of the diffuser
center body and similar to that used with the engine described in
reference 3, provided e contlnuous source of lgnition. Alr entered
duct Inlete in two of the center-body rear support strubts and was
discharged into the pllot chember. Fropylene oxide was Introduced
through & single commerclal spray nozzle snd the slr-fuel mixture
lgnited with = standard turbojet spark plug.

A water-cooled plug (described in reference 5) that could be
moved axielly during englne operation was used in conJunction with a
converging 13.75-inch-dlameter outlet nozzle and gave & varlation
In nozzle-outlet ares of 51 to 74 percent of the combustion-chamber
area. (At all plug positions the minimum area was at the nozzle
outlet.)

Two dlfferent fuel injectors were investigated: -the orifice

injector (fig. 5), and the spray-mozzle injector (fig. 6). Bas-
ically, both injectors consist of four 1/4-inch tubes bent to arc

SN, .
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segments of 6-inch radius end sttached to the ends of fowr radially
ad jugtable supply lines. Each segment of the orifice injector had
a total of 25 equally spaced number 70 drill orifices. ZEvery third
orifice inJjected radially inward and the others were directed
upstream. Each spray-nozzle inJector eegment was fitted with four
threaded adapters into whlch were screwed commerclal spray nozzles
reted at 21 gallons per hour at 100 pounds per squaere inch fusl
pressure. The nozzles were modified externally to reduce thelr
frontal area, and thelr aprey was directed upstreem.

Except when otherwlse noted, the data presented were obtalned
with the orifice inJector.

The flame holders investigated were the rake (fig. 7), and the
serrated annuler baffle (fig. 8), which were located 17 inches
downpgtream of the fuel InJector. Connected-pipe resulis previously
cbtained with these burner conflgurations ere reported in reference 4.

In order to obtain diffuser performance under cold~-flow con-
ditions, the momentum pressure drop due to combustion was simulated
by substituting an orifice plate for the exhaust nozzle. By posl-
tloning the nozzle plug, the mass alr flow through the engine could
be varied from epproximately zerc to the critical value.

Observations of the flow about the engine inlet were mede with
the shadowgraph eystem sketched in figure S. Both high-speed motion
pictures and still plctures were taken.

The fluctuation of the total and static pressures at station x
(fig. 3) was determined with & commercial strain-gage-type pressure
plckup. The output of the pickup was ampliflied and permenently
recorded on a strlip chart.

Two fuels were used in this investigation: gesoline (AN-F-48D),
and e mixture by volume of 50-percent gasoline and SO-percent propylene
oxide. In both cases the fuel flow was measursd wilth a rotameter.
Except where otherwise noted, the date reported are for gasoline.

PROCEDURE

Inesmuch as the total-pressure loss across the free-Jet nozzle
was negligible, it was assumed that the pressure recovery across the
supersonic portion of the diffuser could be evaluated from total-
Pressure measurements at the nozzle inlet and at station y (fig. 3)
in the engine. The subsonic-diffuser pressure recovery and the

ST
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elr flow through the englne were evaluated from sdditional pressure
measurements at statlone 3 and x, respectively. dJet thrust was cal-
culated from tall-rake pressure data, the accurzcy of which was checked
by the tunnel scales during the comnected-pipe phase of this inves-
tigation (reference 4). The calculation methods employed are outlined
in references 1 and 2. No eveluation was made of external drag
resulting from alr spillage arocund the inlet. Static orifices were
located along the spike, the diffuser center body, the outer body of
the diffuser, and the combustlon chamber.

Combustion efficlency values quoted are based on the emthalpy
rise in the gas flowlng through the englne plus the heat lost to
cooling water as compared with the emergy input based on the lower
heating value of the fuel.

The values of combustlon-chamber-inlet velocity and Mach num-
ber are based on the annular combustion-chamber-inlet area, which
is approximately 87 percent of the engine frontal area. The net-
thrust coefficient ie besed on an engine frontel area 15 Iinches
in diameter.

Free-stream Mach numbers were computed from the angle of the
oblique shock generated by the splke. The pressure ratlio required
across the free-Jet nozzle wes cbtalned by first setting the test-
gsectlon altitude at the desired value and then adjusting the total
pressure at the nozzle inlet to the proper value.

Burning was initiated by flrst reducing the engine outlet area
to the minimum value and 1gnlting the pilot fuel. The main fuel
supply was then introduced and the outlet area increased to the
desired value. Pllot burning was melintained during engine operation
with the sperk off at a fuel flow of 12.5 gallons per hour. Under
extreme conditions where 1t was not possible to light the pilot and
then the burner by the method described, it was necessary to ignite
the engine before setting up the deslired pressure ratio across the
free-jet nozzle.

At each of the three free-stream Mach numbers and in some cases
at several altitudes for the same free-stream Mach number, the fuel-
alr ratio range and blow-out limits were determined at several engine-
outlet areas. The total temperature of the free-Jet was adjusted %o
correspond to the test altitude and free-stream Mach number. At
each free-stream Mach number, the splke was positioned to cause the
oblique shock it generated to intercept the lip of the inlet at the
design conditlon. Deaeta were also obtained with the splke at off-
deslign positions.

SOEETITNEY.
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At each fuel-sir ratio, the injector position that resultsed in
the lowest combustion-chamber-inlet Mach number was consldered
optimum, because it gave the highest valus of combustion-chamber
temperature ratio. This optimum radial fuel-injector position was
selected for each burner configuration and held fixed over most
of the operable fusl-air ratlc range. Where the blow-out limits
could be extended by changing the fusl-injection radius, the resulis
are reported. In general, the same fuel-injectlion radius was optimum
over most of the operable range.

SYMBOLS

The following symbols are used in this report:

A cross-gectlional area, square feet
2F

Cp net thrust coefficient, —————E;—E

7Pt Mo
E equivalence ratio, ratio of actual f/a to stoichlometric f/a
Fn net thrust, pounds
f/a fuel-air ratio
M Mach number
P total pressure, pounds per squarse foot absolute
P static pressure, pounds per square foot sbsolute
t static temperature, °OF

Wf/Fn net thrust specific fuel consumption, pounds fuel per hour
per pound of thrust

V4 raetlo of specific heat at constant pressure to specific
heat at constant volume

1336
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Ny combustion efficiency, percent

T ratioc of absolute total temperature at exhaust-nozzle outlet
to absoclute totel tempersture at combustion-chamber inlet

Subscripts (refer to fig. 3):

0 fres-stream condition

1 supersonic-diffuser inlet

2 subsonic-diffuser inlet (by definition)

3 diffuser outlet and combustion-chamber inlet
4 combustion chamber

S combustion-chamber outlet

6 nozzle outlet

8 gpike

x air-flow measuring station

¥ survey station for subscnic diffuser inlet

RESULTS AND DISCUSSION

Over the range of combustion-chamber-initet Mach numbers inves-
tigated, the {otal-pressure loseses across the rake and serrated
annular baffle flame holders were 1.5 and 2.25 times the combustlon-
chamber-inlet dyneamic pressure, respectively.

Reke Flame Holder

Parformance &t Mach number of 1.35 and altitude of 30,000 feet. -
Engine performance wlth the rake flame holder ls presented in fig-
ure 10 and is summerized in table II. At My=1.35 (fig. 10(a)}), the

tunnel pressure altitude was set at 30,000 feet’and the Jet total
temperature was adjusted to 100° 210° F. At fuel-sir ratios richer
than 0.045, the date were obitained with a fuel-injection radius of
5.94¢ Inches. In order to operate at fuel-air ratios leaner than
0.045, the fuel-injJection radius wae reduced to 5.62 inches.
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Results are presented for ocutlet-area ratios Agz/A, of 0.739,

0.876, 0.850, and 0.600. The inlet operated in the subcritical
region at all times, and resulted in & comblined subsonic and super-
sonlc diffuser totel-pressure recovery between 97 and 98 percent.

1378,

As expected, the combustlon-chamber-inlet Mach number Mz

roge as the englne-outlet area was increased. Over the range of
fuel-air ratio f/a and Ag/A; investigated, however, the varia-

tilon was small enough that the combustion-chamber-inlet static pres-
sure pz remained relatively constant at 1770 210 pounds per square

foot absolute. The offect of outlet area on gas total-temperature
ratio T, thrusit coefficient Cp, combustion efficiency Ty

and specific fuel comeumption Wf/Fn, however, is more complex.

Although the operable f/a range of 0.041 to 0.076 was essentially
the same for all four outlet-area ratios, the largest Ag/A, of

0.739 gave lowest valuee of combustion efficlency due to the hiligher
Mz walues. At the other three outlet-area ratios, the combustion

efficienclies were approximetely the same for fuel-air ratios below
0.052. At richer wvalues, however, the combustion efficlency fell
glightly as the nozzle-outlet area was progressively increased.

Between fuel-alr ratios of 0.041 and 0.060, the combustion
efflciency with each outlet area was relatively constant. Com-
bustion efficlency decreesed at richer values with a corresponding 4
leveling off and decrease in the value of T. Pesk combustion
efficiencies were in the order of 78 percent (Mz=0.17) and peak

T wvalues, 5.8.

Although the meximum T was atteined with the smallest outlet-,
area ratio Ag/A, = 0.600, the low mass air flow through the engine

with this outlet aree gave thrust coefflciemts Cp below those

resulting with the larger outlet areas. The thrust coefficlents
obtaelned with the three large outlet areas differed only slightly.
The waximum value of Cp was 0.6l and occurred near the stolchlometric

fuel-air mixture. Increases in f/a to rich blow-out resulted in no
chenge in Cp, whereas decreases in f/a below stolichiometric were
accompanied by & gradual reduction in Cp.

The thrust specific fuel consumption wf/Fn increased, in

general, with f/a and outlet area. Near the maximum thrust coefficient
Cp = 0.60, the minimum Wf/Fn wasg 4.l pounds per hour per pound of

TRy
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thrust and wes obtained at f/a = 0.066 and AgfA, = 0.676. This

thrust coefficlent could be obteined less economically by operating
at & richer f/a or wlth a larger outlet area. Thus, for maximum
thrust at My = 1.35 and an sltitude of 30,000 feet, the most

econonlical internsl engline performance was obtalned at an AG/A4

and f/e2 below the meximum values at which the engine could be
operated.

The minimum over-all We/F, was 3.3 and ocourred with Cp = 0.52
at ffe =0.041 =and Ag/A, = 0.850.

Performance at Mach number of 1.50 and altitude of 35,000 feet. -
The total temperature of the alr was set at 110V £10° F. At outlet-
area ratios of 0.739, 0.676, and 0.600, data were obtalned with a
fuel-injectlon radius of 5.94 lnches, whereas at area ratios of
0.550 and 0.512, date were obtalned at a fuel inJectlon radius of
6.32 inches. Increasing the 1njectlon radlus extended the lean
blow-out limit (fig. 10(b)}). This extension of the lean blow-out
limit was accompanied by & sharp drop In the combustion efficlency
and a marked rise in We/F,.

Except for condlitions at f/e. = 0.033, which corresponded to
critical diffuser operation, all date presented are for operation in
the subcritical region. The comblned subsonic and supersonic total-
pressure recoveries varied between 91 and 93.5 percent, and resulted
in combustion-chamber-inlet etatic pressures between 1620 and 1670
pounds per sguare foolt absolute. As expected, the values of CF

increased with f/e and decreased progressively as the nozzle-outlet
area was reduced. The range of Inlet Mach numbers over which the
combustion chamber was operated extended from 0.133 to 0.201.

Although the meximum combustion efficlencies occurred at and
below the stoichlometric mixture, peak values of T were obtained
above the stolchiometric f/a. Minimum thrust specific fuel con-
sumption, however, resulted at fuel-air ratios near 0.05. The
complex relation hetwsen engline performance and engine conflguration
1s agein emphasized by these date. Although essentially the same

Cp velues are obtained with .é.s/A‘L of 0.739 snd 0.876, because of

higher combustion efflcliencies the thrust specific fuel consumptions
are lower with the smaller outlet. At the maximum thrust coefficient
(Cg=0.64) obtainable with either of these area ratios, the minimum

Vf/Fn was 4.3 pounds pez: hour per pound of thrust. Dropping the

~
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value of Cp to 0.80 by decreasing the fuel-air ratio reduced the
value of Wp/F, to 3.4. This condition occurred at f/a = 0.056,
Mz = 0.162, T = 5.25 and Np = 77 percent, the peak combustion
ufficiency. Thus 1t 1s obvious thet at Mp = 1.5 too, better

internal engine performence results with an ocutlet ares less than
the maximum at which the engine was investigated.

Performance at Mach number of 1.73 and altitude of 41,000 feet. -
Engine performence at a free-jet Mach number of l.75 was determined
at an altitude of 41,000 feet and a free-stream total temperature of
160° 210° F (fig. 10(c)). Date are presented for outlet-area ratios
of 0.739, 0.676, 0.600, 0.550, and &t a fuel-injection radius of
5-94 inch.esc :

Although Mz dilffered considerably for the various outlet arees

at a given f/a., the spread in 1N} was less than 10 percent. As
a result of this narrow spread in My the veriation in the wvalues

of T as the outlet areas was changed is alsc smell.

. Diffuser total-pressure recovery ls more sensltlive to off-
deslgn operation at this Mach number than at elther 1.35 or 1.50.
The peak combined subsonic and supersonic totel-pressure recovery
was approximstely 88 percent, whereas the lowest measured recovery

was 85 percent.

Both the thrust coefficlent and Mz increased as the outliet area

increased. The maximum thrust goefficient (0.67) was obteined with
the largest outlet-area ratlio at f/a of 0.065. At this conditionm,
Wf/Fn wes 3.7, T was 4.6, and Mz was 0.185. A slight decrease

in f/a to 0.058 lowersed Cp slightly to 0.66 and reduced the
thrust specific fuel consumption to 3.5. Both the peak Cp value
and the minimum Wg/F, value (3.2) were obtained with a diffuser
pressure recovery of approximately 88 percent.

At this altitude and Mach number, the highest value of Cp

was obtained with the largest outlet area Investigated and at a wvalue
of Wp/F, not greatly different then with the smaller outlet area.

Performence comparison at Mach numbers of 1.35, 1.50, and 1.73. -
Analysis of figure 10 and the tabulated data in table II indicates
that the operable fuel-elr ratio range was somewhat less at My = 1.73

then at either 1.35 or 1.50. Maximum engine performance (from

1376 *.
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consideration of both Cp and Wp/F,) was not always attained at
the highest mass-flow rates. Only at My = 1.73 d4id the largest

ocutlet-area ratio investigated (0.732) give maximum engine perform-
snce. At My = 1.35 and 1.50, meximum englne output and best fuel

economy were obtained at As/A4 = 0.676, & value less than the
meximm investigated.

Operation was obtained oyer the same Mz range (0.13-0.20)

at all three free-stream Mach numbers (fig. 10). In spite of the
decreasing 17, and T values, the thrust coefficlent was raised

and the thrust specific fusl consumption lowered as M, was

Increased. These trends were due to the Increased cycle efficiency
caused by the greater compression avellable across the engine.

The date at AgfA, = 0.739 presented in figure 10 and sum-

marized In table II, have been plotted as a function of Mo for
several values of f/a (fig. 11). The variation in combustion-
chamber-inlet static pressure was small (1640 to 1780 pounde per
square foot), and its effect on:combustion is considered negligible
(reference 5). The inlet-air total temperature, however, was
increased from 100° to 160° £10° F as the free-stream Mach number
wag raised from 1.35 to 1.73. Instead of the beneflicial effect on
burner performence thet mlight be expected to accompany an inlet-
air temperature increase, the f/a  range wes the narrowest at

My = 1.73. For the case illustrated, the combustion efficiency
decreased only slightly as My was relsed. At lower outlet-area
ratlos, a marked decrease in 1, was observed when M, was

" Increased from 1.50 to 1.73. The increase in inlet-air tempera-

ture and the decrease in 17 1s reflected in the valus of T,
which decreased progressively as MO was lncreased.

At all three values of Mgy, the experimental supersonic-
diffuser total-pressure recovery fell above normel shock recovery
but below the theoretical recovery for one oblique shock followed
by & normal shock. FPart of this differsence may be charged to off-

‘design diffuser operation.

Over a renge of Mz from 0.17 to 0.20, the loss in total pres-

sure across the subsonic dlffuser remalned bebtween 1 to 2 percent a2t
all three free-stream Mach numbers.

AU
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Effect of Fuel InJector on Burner Performance

A comparison of the combustion-chamber performence at Mg = 1.35

wilth the rake flame holder end two different fuel injectors, the
spray nozzle (flg. 6) and the orifice injector (fig. 5), is given
in figure 12. The data were obtained at My = 1.35 with a blend

by volume of 50-percent gasoline and 50-percent propylene oxide as
fuel. Best operation with the spray-nozzle injector was obtalned
at a8 fuel-injection radius of 5.12 inches, whereas with the orifice
injector best operation resulted at a fuel-injection radius of

5.94 inches.

Results with the spray-nozzle inJjector are shown in figure 1l2(a)
at two outlet-area ratios and two altitudes. At an altitude of
35,000 feet and mn outlet-ares ratio of 0.676, the operable f/a
renge was from 0.031 to 0.057. (The stoichiometric :f'/a of 0.081
for the fuel used was well above the rich limit of 0.057.)} The
peak combustion efficlency of 75.4 percent occurred near the rich
bilow-out. When the altitude was railsed to 40,000 feet, the inlet
alr was throttled to maintein the same pressure ratlic across the
supersonic nozzle and pz dropped from epproximetely 1400 pounds

per squere foot ebsolute to approximetely 1100 pounds per sguare
foot absolute. The operable fuel-air ratio range was reduced at
this lowered pressure.

Similar date are presented in figure 12(b) for the orifice
injector. For purposee of comparison, the curve at 35,000 feet
and an outlet-area ratlio of 0.676 for the spray-nozzle 1njector 1s
also shown. Although the fuel-air-ratlo renge with the orifice
InjJector was narrower then with the spray-nozzle inJjector, it
extended to richer fuel-alr ratlos. Inssmuch as the peak combustion
efficiency was 8l percemt, greater walues of T could be obtained
with the orifice Injector then with the spray-nozzle injector. For
operation over a wider range of 7, however, the spray-nozrle
injector should be used. Similsr resultis were obtained in the
connec1);ed-pipe phase of the investligation of thie engine (refer-
ence 4).

Effect of Propylene Oxide on
Burnexr Performance
The effect on burner performence of using as a fuel a 50-percent

mixture by volume of gesoline and propylene oxlide instead of gas-
oline alone ls summerized In flgure 1l3. The investigetion wes made

1376
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at My = 1.35 and with the orifice fuel injector. In order to

facilitate comparison between gasoline and the blend, the date are
plotted as a function of equlivelence ratic E, %hat is, the ratio
of the actual fuel-eir ratio to the stoichiometric fuel-alr ratio.
The stolchiomstric f/a is 0.067 for gasoline and 0.081 for the
blend.

Although the operable equivalence-ratlio range 1is approximately
equal for both fuels, the blend operated at leaner absclute valuea.
The peak combustion efficiency obtained with the blended fuel was
81 percent (E = 0.67), vhereas the peak attained with gasoline was
only 73 percent (B = 0.81). A meximum T value of 5.2 was attained
with both fuels. At the peak T, a slightly lower Wg/F, resulted

with the blend (4.0 1b fuel/(hr)(1lb thrust)) than with gasoline
because of the lower fuel-flow rate required (lower E). At 2 given
velue of E, in spite of higher 14, with the blend, however, a

lower Wf/Fn could be obtained wlith gasoline because of its greater

heating value (gasoline = 19,000 Btu per pound; blend = 16,060 Btu
per pound).

The range of Mz over which the engline was operated was essen-

tially the same for both fuels. Moreover, it was possible to burn
with either fuel at a combustion-chamber-inlet static-pressure level
of 1385 210 pounde per square foot absolute at a somewhat reduced
range of equivalence ratlios. At an outlet-area ratio of 0.732, the
same 1, Tresulted with gesoline for pz = 1385 as for pz = 1750

pounds per square foot absolute-

Burning was smooth, and the comblned subsonic and supersonic
presgure recovery over the entlire operasble range was 96 £l percent
with either fuel.

The operable range with gesolline presented In figure 13 is
somewhat less than previously obtalned with the same configuration
in e duplicate test (fig. 10(a))}. A possible explanation for this
dlfference is an approximate 7-percent greater pilot fuel flow for
the date of figure 10(a). An additional cause could be some physical
change In the engine, whlch had heen operated for approximately
30 hours between the runs at whlch these two sets of date were

.obtalned and had been dissssemblsd several times to change flame

holders and fuel injectors.



14 —— NACA RM E50G19

Serrated Amnular Baffle Flame Holder

The performence results with the serrated annular baffle flame
holder (fig. 8) and the orifice injesctor at My = 1.35, 1.50, =nd

1.73 are summerized in figure l4. In order to operate the engine
at f/a = 0.0512 and 0.0546 with an outlet-area ratio of 0.739
(45=1.35), a fuel-injection redius of 5.94 inches was required.

All other data were obtalned 2t an injJection radius of 5.36 inches.

Englne operatlion with thls burner conflguration was possible
only over & narrow f/a range. Therefore, in view of the limited
performance attainable with this configuration, the results obtained
ere discussed only briefly. The trend previously Indicated of the
general N3, level decreasing as Mgy was raised 1s also demon-

strated with this burner. Varilation In pz 18 not considered

sufficlient to cause this reduction. The burner was operated over
a range of Mz from 0.143 to 0.189 with the meximum 1y = 79 per-

cent occurring at M = 0.161. Because of reduced Ty and hlgher

Inlet-alr temperatures, the T wvalues at My = 1.73 are below

those obtained at the two lower Mach numbers. As a result, the
highest Cp (0.61) occurred at My = 1.50, and the low Wp/F,

of 3.4 attained at Mg = .73 could also be attalned at My = 1.35.

Little scatter wes obtalined in the over-all diffuser pressure-
recovery date and, In general,the combustlion efficlencies and diffuser
pressure recoverles are compareble to wvalues obtelned with the rake-
type flame holder. An exception is the pressure recovery at
My = 1.73, which was approximately 3 percent less than the velues

obteined with the rake flame holder. The engine was operating near
blow-cut when these deta were taken, and inlet shock oscillation
was evident. Not only 1s such a condition usually accompenled by
reduced pressure recovery (reference 6), but the accurate deter-
mination of a fluctuating pressure with ordinery instrumentation 1s
questionable.

Diffuser Performance

Representative shadowgraph pictures of the air flow about the
diffuser inlet for all three free-stream Mach numbers are given Iin
figure 15. These and all other date which follow were obtained
uging the rake-type flame holder. At each M,; a typlcal photograph

is shown for cold flow, burning, and pulsing conditions.

STy
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From these photogrephs, the different tip projectlons regquired
at the three Mach numbers for interceptiom by the lip of the obligue
shock generated by the spike are clearly evident. Imasmuch a&s the
engine-inlet diameter was 9 Inches and the free-jJet discharge dlam-
eter only 12 inches, the normal shock present during subcritical
operation often extended to the boundary of the free Jet. The
intersection of the normal shock and the free-Jet boundary is indi-
cated on the photographs es a white line. For the ocutlet areas
investigated the burning conditione ususlly created & level of back
pregssure that resulted in subcritical flow at the dilffuser inlet.
Iittle data were therefore obtzined at deslign or supercritical flow
condlitions. '

The illustrations showing shock pulsatione (fig. 15) are repre-

sentative of the maximum osclllation encountered at each Mo- With

the type of diffuser employed cn thls engine, the total-pressure
regcovery in the subcriticael flow range 4id not vary greatly from the
velue attained at design conditions. Under pulsing,the shock move-
ment was usually restricted to the subcritical region, and the pres-
sure recovery was not seriously reduced. In general, a more notice-
able effect on pressure recovery wae encountered at the higher Mach
numbers and at the greater oscillation emplitudes.

The photograph of shock osclllation at M, = 1.35 (fig. 15(a))

was obtained near rich blow-out. At My = 1.50 the photographs for

both smooth end pulsing operation were obtained at the same fuel-air
ratio. The cause of the transitlion from smooth operation to an osclli-
lating normel shock is not known; however, the l.S5-percent drop in
diffuser total-pressure recovery was not sufficient to.noticeably

affect engine performence. At My = 1.35 and 1.5 the amplitude of

the shock movement was very small and 1t was difficult Lo determine
frequencies from Iinstantanecus pressure records. Where messurements
could bhe mede, the freguency was of the order of 45 c¢ycles per second.

At My = 1.73 (fig. 15(c)) the maximum normel shock movement

encountered appears to be from a2 positlion Just shead of the inlet 1lip
to near the midpolnt of the exposed portion of the spike, a distance
of approximately 2 inches. At this condition, the frequency wes

46 cycles per second, and because the exposure time for the pilcture
wee greater than the time required for a complete cycle, the travel
of the normal shock is evident. The extension of the oblique shock
through the normal shock indicates thet the shock patitern changed
through approximately one full cycle during the time of exposure.
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The operational date corresponding to the shedowgraph plctures
under burning operation shown in figure 15 are lncluded in figure 10.

Several frames from & high-speed motion plcture of & single
cycle typical of the shock pulsations resulting at My = 1.73 (same

conditions es fig. 15(c)) are shown in figure 16. The cycle was
completed Iln 33 frames, but the sequence can be shown Jjust as well
by every fourth frame. Although the cycle frequency wes regular
(46 cycles per second) the high-speed motlon plctures indicate that
the amplitude varied somewhat from cycle to cycle.

This amplitude variation is further wverified by a simulieneous
record of the veriation in the instantaneous static pressure at the
diffuser outlet (fig. 17). The fundemental frequency of adjacent
cycles 1s constant, but the amplitude varies considerably. The zero
or mean pressure was digplaced from the center line of the grid; in
general, the variation in pressure was symmetrical about the mean.
The maximum varistion in pressure for the trace shown is *7.8 per-
cent of the mean pressure. Excellent agreement was obtalned between
the freguencies determined from the high-speed motion plctures and
those determined from the insteantansous pressure trace.

The combined subasonic and supersonic diffuser totzl-pressure
recoverlies for cold flow end for burning conditlone are presented
in flgure 18. The cold-flow recoverles at My = 1.35 @nd 1.73

are sumarized in figure 18(a). The normal shock was at its design
position, the lip of the dlffuser, for Mz = 0.24 at My = 1.35

and Mz = 0.185 at My = 1.73. Apparently at My = 1.35, the

slight lncresse 1n subsonic-diffuser losses in the range of combustion-
chamber-inlet Mach numbers where the normal shock approached the 1lip
was of sufficlent megnitude to cause & smell general decline in the
over-all pressure recovery wilth Increases In Mz. At My = 1.75,

however, the characterlstic peak in pressure recovery was ohserved
at the design Mgz. The highest cold recovery at My = 1.35 and

Mz = 0.142 'was 98.4 percent, whereas at the design Mz the recovery
was 96 percent. At Mgy = 1.73 +the peak recovery was 89.1 percent
and occurred at the design Mz. No appreciable shock pulsations were
observed for the cold data presented.

The curves drawn through the cold-flow pressure-recovery data

are included in figure 18(bd), in which the pressure recoveries .
obtained vnder burning conditions are presented. In general, close

S
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agreement was obtained between the cold and hot flow condltlions, the
scatter in the hot data being approximately £l percent. As previously
Indicated In the discussion of figure 11, the recovery at design and
under subcritical operating conditlons waes above normsl shock but

less than the theoretlcal recovery at all three free-stream Mach
numbers.

Only subcritical operation could be obtalned at My = 1.35

under burning conditlions. It is not clear from the data in fig-
ure 18(b)} whether the design Mz was approached at My = 1.5.

Shadowgraph pictures indlicated, however, that at Mz above approx-
Imetely 0.185 the flow was supercritical.

When compared to the curve established wmder cold-flow condl-
tionse, only two points are definltely supercritical at My = 1.73.

Thies 1is confirmed by the varlation 1n static pressures on the spike
(fig. 19). The four curves in figure 19 are for these two super-
critical points, for the critical condition, and for the condition
of figure 15(c) where f/a = 0.072 (Mz=0.144). All four of these

polnts are plotted in flgure 18. The normel shock for the condition
shown in figure 15(c) ocours at approximately the mldpoint of the
exposed portlion of the splke. A sudden change in static pressure such
as experienced across a normel shock also occurred at this point.

For the two points indicated as supercritical (those having Mz of

0.198 and 0.200), the sudden rise in static pressure occurred within
the inlet, whereas at the critlicael condition (M3=O.185) the static-

pressure rise occurred at the lip. It therefore appesrs that the
statlc pressure on the spike may be reliably employed as an indi-
catlon of the normal shock posltlion.

Performaence at Off-Design Spike Location

The combined subsonic and supersonic diffuser pressure recovery
at My = 1.5 under cold-flow conditions 1s presented in figure 20

for the on-design splke position and two off-design splke positions.
The off-design splke positlions chosen are thoge that would be on-
design at M, = 1.73 and 1.35. The absolute values of pressure

recovery presented in figure 20 are 2 to 3 percent low because, due
to linlted sir-dryer capacity, these datae were obtained with some
condensation in the free-jet nozzle {air temperature = llO°; dew-
point = 340 F), and the total-pressure loss due to condensation in

K
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the nozzle 1s included in the wvalues for dlffuser pressure recovery.
Inasmuch as the alr temperature and dew polnt remeined constent,
however, the total-pressure loss across a condensation shock occurring
in the nozzle would be constent, and the trends indicated in fig-

ure 20 may be considered valid.

Three shadowgraph pictures are shown for each spike position
and their locatlon on the pressure-recovery curve are indicated.
The photographs correspond to subcritical, peak recovery, and super-
critical operation and indicate the resulting inlet-shock siructure.
At the proper splke position for the free-jet Mach number at which
these dats were taken (M0=l.50), a characteristic pressure-recovery

curve was obtalned with a peak at the condition at which the normal
shock entered the emgine (Mz=0.207).

Values a8 great as the peak design recovery and over a much
wider range of burner inlet Mech numbers (0.165 - 0.195) resulted
for the My = 1.73 splke tip projection.

With the spike retracted beyond its design position (spike
located for Mo=.1.35) » essentlally normel shock recovery was oObtained

over the entire range of Mz Investigated. On the basis of pressure
3

recovery alcone and excluding drag conslderations, the difruser of a
ram Jet required to fly over a rangs of flight Mach numbers should
be deslgned for the meximum My. From & net-propulsive-force con-

slderatlon, however, diffuser drag mmust also be evaluated before a
final design is selectied.

SUMMARY OF RESULTS

The results of a free-Jet investigation for a 16-inch ram Jet
at Mach numbers of 1.35, 1.50, and 1.73 are summarized as follows:

1. Excellent agreement was obtained between the combined sub-
gonlc and supersonic diffuser total-pressure recoveries for cold
flow and bwrning conditions. Qver a range of combustion-chamber-
inlet Mach numbers from 0.17 to 0.20, the subsonic diffuser total-
pressure recovery was approximately 99 percent. At all three Mech
numbers, the superscnic dlffuser recovery was above normal shock
recovery but below the theoretical recovery for a single coblique shock
diffuger with no internal contraction.

1376"
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2. When the diffuser wae operated with a tip projection which
caused the oblique shock to fall shead of the diffuser lip, pressure
recoveries as hign as that resulting from operation at the design
t1p projection were cobimined. The high recoveriles extended over
& wide range of combusticn-chamber-inlet Mech numbers.

5. The shock pulsations encountered at the conditions of this
investigation had no serious effect on diffuser total-pressure
recovery or engine operation. The freguency was of the order of
46 cycles per second, always occurred in the subcritical reglon of
flow, and was of small amplitude. Close agreement was obtained
between the frequencles obtained from hlgh-speed motion plctures
of the shadowgraph end records of the instanteneocus static pressure
at the combustion-~chamber inlet.

4. At free-stream Mach numbers of 1.35 and 1.50, the best engine
performance was not obtained at the largest nozzle-outlet area inves-
tlgated. TFor a Mach number of 1.73, best engine performance wes
cbtained at the largest cutlet-area ratic investigated (0.732) from
the standpoints of both net thrust coeffici-nt and thrust specific
fuel consumption. Maximum values of thrust coefficient were 0.61,
0.64, and 0.67 for Mach numbers of 1.35, 1.50, and 1.73, respec-
tively. The corresponding wvaelues of thrust specific fuel con-
sumption were 4.1, 4.3, and 3.7 pounds of fuel per hour per pound
of thrust.

S+ Burner performance and consequently engine performence wers
influenced by the radlal position of the fusl injector. The lean
blow-out limlts could often be extended by changing the radlal
position of the fuel Injector. The optimum fuel-inJector radlus
varied with flame-holder design.

6. Better performence was obtalned with a rake flame holder
(fig. 7) than with & serrated annular baffle flame holder (fig. 8).
The operable range of fusl-air ratio was narrow with the serrated
annular baffle and operation &t the largest outlet-area retio was
not possible at Mach numbers of 1.5 and 1.73.

7. At low combustion-chamber-inlet  statlc pressures, some
improvement Iin engine performance waes obitained by using a 50-percent
Plend by volume of propylene oxlde and gascline instesd of gasoline
alone. At other conditions, however, there was little advantage
in using the blend. Although combustion efficlencies were higher

ig
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with the blend, the heating value was so much lower thet the thrust
speciflc fuel consumption was greater than with gasoline.

Lewls Flight Propulsion Iaboratory,
National Advisory Committee for Aeronsutics,
Cleveland, Ohlo.
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TABIE I - COORDINATES OF 16-INCH RAM JET

Diffuser outer- |Diffuser inner- Splke coordinates
body coordinates |body coordinates .
Statlion] Inside Statlon| Outside Distance| Outside
diameter dismeter from |diameter
apex
(in.) (1n.) {in.)} (in.)
0 9.00 4%’ 4.00 0 to 3 | 469 cone
0 to 1 |16° cone 5% 4.16 3% 2.94
1 9.28 6 4.19 32 3.16
1% 9.36 si—' 4.22 4 3.34
2 9.44 6% 4£.25 41—' 3.50
1 3 1
25 9.52 GI 4.28 4§ 3.64
: 3 3
3 9.680 9;— 4.5§ 41- 3.72
3% 9.66 io 4.56 5 3.82
4 9.72 65 8.00 5% 3.88
4—3-‘ 9.76 75 8.00 1 3.92
= . . 5 .
5 9.82 91 6.00 s% 3.94
1
6 9.92 SZ 3.98
85 to
172 | 16.00 6k to o3| 4.00
181 13.75




TABLE II - SUMMARY OF PERFORMANOE OF 16-INCH RAM JET WITH RAKE FLAME HOLDER

Mach |Altitnde| Alr outlet:| Mael-alr Peak Mach mumber|Peak totals! Minimum Peak net Peak
momber| (£%) |temper~ | area ratio combuation My range |temperature; spsolfle thrust pressurs
) ature ratio range efTiclency _ ratlo, < fuel con- |coeflliolent| recovexry
(OF $109) Ag/dy /a hy . mmption Op Pa/Po
We/F,
Lesn| Rlch| " | £/a | Lean|Rlck| + | £/a |Wo/B | t/a | 0p | £/0 |B/Ry| ¥
1.35 | 30,000 100 0.739 |0.041 [0,077 | 6949 (0,045 | 0.198 (0,166 | 5.34 |0.073| 3.86 |0.045(|0.609| 0,073 |0.975 [0.170
#0878 | 043 | +O756 | T8sl | 4043 o177 | «156( 5,51 | +083| 3,37 | 043 .603| ,070| 976 162
+860 | JO41| OT&| T7.7T | 4058 2174 | «148 | 5.71 | 072] 5,52 | 041 803| O78| 876 | 187
+« 800 +044 | 076 | TBed | o067 o150 | «137| 5.88 | ,070| 5.38 | 044 | .580| 070} ,979 | 140
1,60 | 35,000 110 759 o063 | 079 | 68.08 ] 063 2183 | J160 | 5.5l | JOT4| 5,88 03| 646 07D | «B56 | 185
876 #0492 | 0811 T8.T | 086 #1753 | 140! 56.94 | 08l 5.40 ) ,056| 648 081 | 951 | 175
« 200 2048 | JO75 | 74.9 | o049 o150 | 4140 | 6.75 | «069| 3.28 | .046| .595| 060 | .928 | 4162
950 | 034| 4066 72.0| .0B8 +200 | 4133 5.46 | +068| 3.62 | 009 | 4620 088} 921 | .169
512 2053 | 050 | 82.0 | 069 197 | 137 4.68 ] J0B69| 3.99 | 4059 | 4480 ,069| o929 | +197
1.73 | 41,000 180 « 739 2048 | 06D | 66.8 | 4050 2200 | 186} 4.B8 | +086| 3,43 048 | .669| 065 | 854 | 4186
«876 | »044 | 067 | 64.0 | 049 #1907 | J173] 4.60 | +067| 3.55 | «044| 632 | 4087 | 879 | 2179
«B00 048] J07) | 87.2 | (060 2179 | 41569 4.38 | LO07L] 3.20 | ,050) 584 JOTL | .BOS | L1689
+660 | 048 | 072 | 81,0 | (065 oLTT | 2144 | 4.67 | 2072 | 34535 | 4050| B67| 072 | 8090 | 072
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(b) Upstream view.

Figure 7. -~ Rake flame holder.
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(=) Downstresm vlew.

(b) Side view.

Figure 8. ~ Serrated smmmlar beffls flame holder.
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